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Abstract: The article presents theoretical foundations ofwa-diode equivalent model of a photovoltaic
cell/module (PV), together with calculation procezhi A physical interpretation of individual compois of
an equivalent model was presented. Its practicpliGgiion in predicting efficiency of operation wérious PV
cells and modules in low insulation conditions wasnonstrated. The obtained predictions were varifigh the
actual results of their operation in open spacédmar). The practical suitability of the “model” garly detection
of ageing phenomena, such as, for example, absdegeadation taking place in PV modules, was deitrates!.
The article was prepared on the basis of the esiiliesting five different PV modules with variazenstructions,
made of different materials and absorbers, sucb-8§: mc-Si, CIS, a-Si_SJ, a-Si_TJ. The used measent data
were collected during the 16-year period of theegxpental PV modules testing system operation iivéisity of
Opole, equipped with a data acquisition system.
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Introduction

Dark current-voltage characteristics of a cell

Dark current-voltage characteristics of a dedl, the characteristics of a cell in the dark
is obtained by drawing a cell current intensitytie function of the value of the cell
polarisation voltage, in the current forward biasr an ideal cell, with only one mechanism
of the dark current generation - injection of majocharge carriers above energy barriers,
intensity of dark currentp in the voltage function is described by the Shegktliode
equation, referring to the diffusive mechanismhaf tharge carriers flow [1-3]:

- qu _
Io _|S(expG 1] 1)

where: |5 - diffusion saturation current of dark current r@ns flow; U - polarisation
voltage of a cell junctiong; = kgT/q - free enthalpy (thermodynamic potential) for sitic
of 26 mV at temperature of 300 Kkz - Boltzmann constantT - temperature;
g - elementary charge.

However, there are also other mechanisms of therithagarriers transport in reakp
and p-n cells, namely: recombination in the surface depletegion and multi-level
tunnelling via energy status in the energy gapultieg from defects in the crystalline
structure. Thus, the total dark current of a redll @4.1) iS @ sum of two components (2):
lo; - recombination component from quasi-neutral regign and p) - including the
diffusion mechanism of carriers flow, together witie surface regions recombination
current [4] and; - generation-recombination component of spacegehargion [5-8]:

dark =lo1 1oz (2)
U U
| garic = | s{ex% _1) +1 sz(eszqﬁ _1] , (3)

where: |lg, I - is the dark current of recombination saturatiomspectively:
in quasi-neutral regions (n and p) and from reco=tion in space charge region.

The components in the formula (3) represent twalfgrconnected diodes and the
resulting characteristics is the sum of their cbemastics (adding currents). The formula is
the basis of the two-diode model (diagram) of aniwent PV cell, in which the cell
junction is modelled by parallel connected two @isddescribed birU characteristics
Note that the two-diode model (3) does not contiy ohmic shunt resistané& nor
a series resistand®s. It is common practice to include also these istiin a one- or
two-diode model via an equivalent circuit [9, 10]:

_ U - IR) _ aU -1Ry) .}, U~-IR
| —Is{expT 1J+|Sz(exp 2T 1J+ ) , 4)

Figure 1 presents an example of dark current-veltelgaracteristics of one of the
analysed PV cells, which graphic format was obwifem [11]: After drawing the
characteristics in a coordinate system, where tieent axis ( [A]) has logarithmic scale
and voltage axisU [V]) is linear (.e. application of the log-lin coordinates systemk th
graph logl = f(U) is obtained, as in Figure 1. Characteristicsarkcturrent of a real cell
(4), taking into consideration the recombinationrent from quasi-neutral regionk) and
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from the space charge regi€lig,) is a curve with two straight-line sections, isteystem
of coordinates. The first section with inclinatiqb/2ksT is in the region of dominatiohy,
of dark current and is limited from the left by ttrve caused by the occurrence of leakage
resistancéry, The second section with inclinatigh/ksT is in the region of dominatiola,,
which is limited from the right by the curve, caddgy the voltage drop in semiconductor
resistance from the outside of the spatial chaeggon and drop of voltage in other cell
construction element® (. electrodes, connections, etc.), conventionallgrrel to as the
voltage drop in so callederial resistance of a ce(Rs), which can be detected in large
currents rangedU = |-Ry).

By extrapolation of the above mentioned linear paift characteristics to the current
axis (reading fold = 0), it is easy to read in the coordinates sydtmgrlin, the values of
both saturation currents; in the analysed casedheyunted tds, = 7 mA andlg = 56 pA.
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Fig. 1. Current-voltage characteristics of darkrent of a PV cell, in line with [11], with markedicent
components domination regions

PV cell equivalent models

Regarding electric characteristics and taking gdnsideration parasitic resistances of
junction leakage current and serial resistance,olar scell can be substituted with
an equivalent circuit presented in Figure 2.
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Fig. 2. An equivalent system of a silicon solat cel

Figure 2 presents a two-diode equivalent model sblar cell, considering parasitic
resistance of leakage curreRf;, and serial resistancBs. In line with Kirchhoff's law,
a relation between current and voltage in a phdtaiocell is obtained [12]:

U+R.d
| = |ph—|da,k—TR:, (5)
for a two-diode modgll2-14]:
| garc = ID2+ ID2
U+R 0O
oy =g lep% _1} ) (6)
U+R 0O
Ips =l E{exp%—l}, (7)
for a one-diode mod¢12-14]:
U+R0O
Idark = IO I{equ(m[]f:;_ _)_1}, (8)

where: |p; - intensity of the recombination component of dadurrent from
guasi-neutral regions (n and py;, - intensity of the recombination component of dark
current from space charge regioRi, |l - dark current of recombination saturation,
respectively: from quasi-neutral regions (n an@m) space charge region, determined, for
example, by graphical method through interpolatbthe curves from Figure 15 - value

of saturation current in a one-day modgl: elementary chargeRs - serial resistance;
Rqh - leakage resistanc®, - load resistancekg - Boltzmann constant; m - coefficient of
a diode quality in a one-diode model - a dimengsslvalue defining the degree of
adjustment of a photovoltaic cell to an ideal diadedel, indicating the proportion &f;
andly, current in dark current. For good quality celle talue is usually 1-2. In the case of
prevailing current of recombination component frqoasi-neutral regions (n and py.)
the value of coefficientn 0 1. In the case of prevailing generation-recomltimaturrent of
space charge regiohy§), then coefficientn 02 [15].
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A connector excellence coefficient is determined dmjving the following set of
equations gssuming that Y- U, is the change of voltage with the change of curreet
for x =10 or 0.9:

[y
I, =1,e™"

l,=x0,=1,em"

_9q Y -u
s Bul_n(x_f (0

wherekgT/q is free enthalpy (thermodynamic potential) foicsih, amounting to 26 mV at
temperature of 300 K
Considering that:

loga = (Ioge) [(Ina) =0.434Ina (11)
Expression (10) takes a more usable form:

m=0434-9 7% (12)
keT loglx

Frequently, the determined coefficientfor certain commercial cells édwer quality
exceeds 2 and has no constant value, which caenexfdained by the classical two-diode
theory. It increases together with a delid increasé exceeding even 4(g. measurement
of dark characteristickU of a cell with a large load current) [10]. Thisdaused by the
presence of defect in crystalline structure, cngathe so called "non-linear shuntg;,
which are basically due to locally extended defésdsling to a local recombination current.
Concentration of non-linear shunts increases witieasing load, in particulavhen a cell
(module) was previously under a continuous anddargrrent floW, hence with increasing
local concentration of defect states) [10]. Moréoimation regarding the influence of
absorber degradation on the valuerofoefficient can be found in [10, 14, 16-18].

Assuming thatJ = 0 (thenl = Isg and neglecting the components which incllige
and |y, which are very small in comparison willy, one can obtain from (5) an
interrelation for the approximate value of the $tmdrcuit current (13):

le=—2 . (13)

h

In well made cells, for whicRg/Rs, << 1, it can be assumed thajs¥ |5

Assuming that in the formula (5) | = 0, and UWJg, the following interrelations for
an open circuit voltage can be obtained:
- when the componei; dominates, i.e. recombination of quasi-neutral oegi

Uog =2 tnfL+), (1)

Si

2 Load current of not illuminated ce# an external current - response to added volagegduring measurements
of dark characteristidsU of a PV cell. At polarisation, in forward biasjstdark current of a PV cell

% e.g.for a non-illuminated cell: - by the connecteddnward bias a strong, external current source sirongly
illuminated cell - by the dark current in an opeti.c
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- when the componei,dominates, i.e. recombination of space charge megio
Uge = ZD‘BT Ing+59). (15)
S2

More details and descriptions of coefficients esticns can be found in [11, 19-23].

PV modules equivalent models

All the above mentioned interrelations referringhe PV equivalent cell model can be
adapted in a simple way to the two-diode equivakRvitmodule models. In the case of
a module built from serially connectédidentical PV cells, individual interrelations are a
follows:

for a two-diode model:

qU +R.O)N

BT L

oy =l ex

20k, T

for a one-diode model:

lgarc = 1o H €X

U +RO)N _1}, a8)
mik, T
for interrelation of voltage of an open circUigc:
- when the componei; dominates, i.e. recombination of quasi-neutral cegi

Uge = k*; [N On(L+ ISC) (19)

S1

- when the componem,dominates, i.e. recombination of space charge megio

Uge = ZD‘BT [N On(L+ ISC) (20)

S2

Practical application of a two-diode model in PV cells
and modules research

According to the superposition principle, which bgp in the range of small solar
radiation intensity values and is fulfilled alsorfaatural solar radiation [24],
current-voltage characteristics) of an illuminated PV cell/module is a result bffing
the reversed dark characteristics.(of not illuminated cell/module) along the curramxis,
by the value photocurrent generated ingf) (Fig. 3).

Thus it is the difference between photocurrdpf) (and dark currentl{,,) of a PV
cell/module. Similarly, the dark characteristicsnche obtained by deducting from
photocurrent valud g, Olsg) its characteristickU:

Idark(U)= Iph_I(U) (21)
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In well made PV cells/modules, for whigl/Rs, << 1, it can be assumed thif= Isc

|dark(U)=|sc_|(U)- (22)

12 - I dark =

U U Uoc
Fig. 3. llluminated-U characteristics of a cell as the result of théed#hce between photocurrent and
the value of the current from a cell dark charasties [24, 25]
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Fig. 4. Methodology of determination of dark chaeaisticsl-U of a PV object: a) registered illuminated
characteristic$-U of a PV module (in the table presented in figur¢hare is a key to decoding
the entries in headings of the registered PV madaleracteristics); b) dark characteristics of
a PV module, determined in line with (22) in thealsclog-lin; c) dark characteristics of
a PV module after rotating the coordinates axsY), d) actual distribution of points with
coordinatesWoc, Isd obtained for the constant value of temperalyref the tested PV module

The relation (22) enables easy determination ok darrent characteristics of the
operating PV cell/module. It is not necessary tendiunt a cell and transport it to
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a laboratory, in order to measure the current nespoto the forced voltage of not
illuminated PV module. This is sufficient, in nadlroperation conditions, to register
illuminated {.e. not dark I-U characteristics of a cell/module, in the functiohload
changej.e. from opening to closinge. short circuit.

Figure 4a,b presents a graph of an alternative adetbhgy of determining dark
characteristics of an operating PV module. WheFégssre 4d presents a great convergence
between characteristics of pointéJo, lso distribution, obtained for the constant
temperature value of the module junction/absofhefhereinafter referred to as module
temperaturelc) and dark characteristics of the module, obtaiafdr conversion of its
coordinate axis (Fig. 4c).

The graph of the pointsUgc, IsQ distribution obtained for the constant value of
temperature of the modulg: (i.e. its approximation), presented in the coordinatetesn
lin-log takes the form of a curve with two straidime sections (Fig. 4d), the first with
inclination 2ksT-N/gand the secondksT-N/q.Considering the relation (20) and (19), it can
be noticed that distribution of pointSl{c, IsQ in the graph reflects the graph illustrating
voltage of an open circuiloe = f(IsQ for individual current regiondse in which
components of dark current dominate.

Thus, a conclusion can be drawn that the graphisifiltution of points Uoc, Isd
reflecting the flow of thaJoc = f(Isd function is a type of modification of the darkreent
graph from Fig. 4c). This modification has commeattires and considerable interpretation
differences. The short-circuit currehic of the illuminated module from Figure 4d, has
almost equal value as photocurrel, € 1sg. When the illuminated module is open, it is
equal to the sum of componemgs andlq,, for which the voltage on the terminalsUs.
This current is an equivalent of the forced cuftdram Figure 4c, for which a drop of
voltage at module’s terminals equal th = Ugc, is obtained, of course for the same
temperature offc module. The change of the forced current value fFégure 4d occurs
through the change of the value of solar radiatiuansity Gpoa [W/m?], therefore it is
necessary to carry out long-term outdoor reseawhhat the forced currents occurring at
relevant PV module temperatures can be filtered D¢ main interpretation difference is:
characteristics of dark currerfrom Figure 4b-care momentary characteristics, obtained
at a given moment for precisely defined laboratwopditions (all graph made in a specific
moment) whereas the characteristics from Figureigléin averaged graph for a defined
period of timeThe graph is made on the basis of long-term rekeapvering the period of
several months, quarters or a year. Heree measurement poibkyc reflects one current
value kg which is obtained in the conditions of ttiefined intensity of radiatio®posand
the module temperaturk.. In such a graphmany components are averaged, such as, for
example, the influence of the change of the sadiation spectrum on operation of PV
modules, the influence of air mass change, short sgeing effects in modules and certain
other atmospheric factorsThe graph obtained in this waselates to the averaged
conditions prevailing in the research location. Therefore, such graphs should be prepared
taking into consideration their final location.

4 After conversion of the coordinates axis, curteetomes the forcing elements and the response igoltage
drop in PV module
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Fig. 5. Distribution of pointsloc norm Isc nom) for parametrically changing temperature of a Pdtie,
as the graphlloc nomin the function sc norm

Figure 5 presents a distribution of pointk€ norm Isc nom) fOr parametrically changing
temperatur@¢ of a PV module, further referred to as the grafpthe normalised voltage of
an open circuitloc norm0f the module in the function of its normalise@rktircuit current
Isc norm The use of normalisation allows ¢onsiderably extend the graph’s functionality.
This allows tadirectly compare different modules with differentyers and output voltages
(see Fig. 6). Taking into consideration that inlitgathere is very little influence of
temperatur%in modules/cells on the value lat;, current; normalisation dfc current to the
values achieved in STC conditiors)ows to rescale the axis and read the cell/module
voltage drop in the function of the solar radiatioralue (k¢ / lsc stc = 1 for
Groa = 1000W/nf). More details on the temperature interrelationsyperature adjustment
of |-V characteristics and the use of PV cells/medias lighting level sensors and their
operational temperature, can be found in [26-38].

Plotting the cut-off/boundary straight-line on thevel of 0.7Uoc nom (i-€. @ 3 dB
straight-line of voltage dropc), we obtain the possibility to determine the mininmuaiue
of solar radiation, for which the value of the \agje of an open circuit of thedd module
does not drop below 70% of the value in STC camdliti yet.Moreover, taking into
consideration that in the typical, commercial PVdules: U, [ (0.80-0.85)Uqc [39, 40],
we gain the possibility to estimate the minimunu&abdf solar radiation required for the

5 Cells/modules have very low temperature coeffisidor|sc current.
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operation of the PV inverter with the modules Withvoltage, for the designed connections
configuratiorf. Application of the log-lin scale in the graph pides the possibility of
performing detailed analyses of the PV conversiothe range of low and very low values
of solar radiation (the property of a logarithmicate). It is useful in the analyses of
modules operation during cloudy days, with low amaly low values of solar radiation,
defined in the EC 61853 (DRAFT 82/254) [41] standard adLT (Low Irradiance,Low
Temperature a typical winter day with low value of solar fation intensity)LIMT (Low
Irradiance, Medium Temperature- a warm and very cloudy day) ahdiMT (Medium
Irradiance,MediumTemperature- a typical warm but cloudy day). During those slagn
average temperature of operating PV modules is moth higher that the ambient
temperature, which is determined in line with (8)]:

Te =Tt Gy g2 [ (23)
where: Gy [W/m?] - the global value of solar radiation on the Bart surface,
NOCT- NominalOperatingCell Temperaturg’.

Taking into consideration typical atmospheric cdiodis in the regions of higher
geographical latitudes - pursuant to (23), the Mresfuent temperature3{) of operating
PV modules, for typical days of the area, have ltarmined. The calculations assumed
an average value oNOCT coefficient of modules equal 42°C. A set of module
temperatureSc ={=3; 6; 15; 25; 40; 50; 60} in [°C] obtained ihis way, in which four
first elements reflect the conditions of low or wémw radiation values for cool/moderately
warm days and others - to typical day conditionthin summer season. Next, these values
were used as temperature parameter$or compiling the graph8oc norm = f(lsc nom) in
Figure 5. Points of intersection of each graph wité set-off/border straight line on the
level of 0.7Uocnorm Marked with a grey ellipse outline the area RM_conversion
sengitivity. In the case of the module from Figure 5, this ai®drom the section
25.8; 37.5 W/rfifor the module temperatufie from the range —3-25°C. It can be seen that
for higher temperatur€k., there is no intersection of characteristics wiith set-off/border
straight line. This is caused by the fact thattdraperaturd above 40°C can be achieved
by the module illuminated by the direct componenthie range of higher values of solar
radiation, for which the module voltage is much hag than 0.Joc norm, Whereas all
transient state®.g. caused by momentary shading, a cloud, of the neodehted by the
sun, are levelled by averaging (previously reporkedracteristics of the above mentioned
graph).

Such a prepared grapbocnom= f(lscnom) from Figure 5 presents @eculiar
characteristics of a PV module operation in the conditions of an open space (outdoor),
dedicated for the final location of its operatiardadue to its functionalityit can become
a very useful engineering tool for optimal desidgiP¥ systems.

¢ Example. Let us analyse a mc-Si module with thampatersPy,= 24 W, Uoc= 21 V, Uy = 17.7 V. The 30%
threshold olUocdrop: is determined b8poa minfor which:Uoc= 14.7 V,Uy, = 11.76 V,i.e. further drop below the
threshold causes the lack of technical capacitglii@ct charging of an acid battery by the PV medin the case
of a PV inverter, it causes drop of voltage beltw minimum limit of catching/capturing of the MPfadking
system of the converter, which cannot be lower tmad,, wheren - quantity(number) of modules in a string
branch.

" This is the temperature achieved by the moduleetadiation intensity B, = 800 W/nf, ambient temperature
Tamb= 20°C and wind speed of 1 m/s.
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Figure 6 presents the use of the standardised geolt@lue grapHJoc nom in the
function of its standardised current vallg ,om in order to compare their operation
efficiency in the conditions of low solar radiatisalues. Two different modules with
different powers, voltages and output currents werapared. The first, made of crystalline
silicon (c-Si) with powePr, = 27 W, voltageUgc = 20 V and currenisc= 1.97 A, and the
second, made of amorphous silicon (a-Si_SJ) witlvgpoP,, = 11.15 W, voltage
Uoc = 21.8 V and currentsc = 1.05 A. What can be instantly observed is thmeg t
application of the presented method (see Fig. 8)cfamparing efficiencies of these
extremely different modules, does not cause anyptioations. One can read directly from
the graph the so callg@V conversion sensitivity arefar each module separately, which
amounts to: for the crystalline module (c-Si) 2855 W/nt whereas for the amorphous
silicon module (a-SI_SJ) 4.5-9.5 WimThis signifies that in early morning and late
evening hours, when the PV system powered withtaltire modules had already stopped
operation, the PV system powered with amorphoisosiimodules will still obtain voltage
from the modules on the nominal levek( maintaining a 3 dB drop). A similar situation
will take place on cloudy days or with very low a&otadiation intensity values. The above
mentioned estimates have been confirmed by expatémim real conditions of their
operation, which is presented in Figure 7 and 8].[4
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Fig. 6. A comparison of operation characteristiéstwo diametrically different modules: a 12 \W
module with a-SI_SJ with a 30 Mshodule with c-Si



18¢ Tadeusz Rodziewicz, Matgorzata Rajfur and Maria éiaek

a) T T T T T T T T T T T T T b) T T T N T T TT
r Cloudy Day Opole, 17 o?_zo(:n T Opole,15.08.2001

r : 2 j\ —cSi | —cSi
[ Total daliy ins. snergssﬁi Wh/m | a- Sl_éj —a-Si_SJ

4 1000

GolWim?)

Sunny day N

A Total daliy ins. energg638 Whinf "~
N

&z CM 21]

Uocmad]  Eff/ Effyp, [

06:00 Oé;OO 10:00 12:00 14:00 16:00 18:00 20:0006:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00.
Time Time

Fig. 7. Comparison of PV conversion efficiency wbtmodules with operation characteristics from Fig.
6 for two extremely different days: a) cloudy andrm,i.e. LIMT type, and b) sunny and hag.
HIHT type

From the analysis of the PV modules suitabilityoferate in the conditions of low
solar radiationj.e. during cloudy days (Fig. 7a), it can be conclutlest the amorphous
silicon module, during all cloudy day, maintains ltoc voltage within the nominal value
range,i.e. not exceeding a 3 dB drop of the nominal voltagdue. A very lowPV
conversion sensitivity ared.5-9.5 W/n of the a-Si_SJ module caused that during the
measurement registratioirg. from dawn to dusk, it is very difficult to catchet moment of
the 3 dB drop ofUgc voltage - the automatics of the measuring systeéemtified the
moment of sunset much earlier, and switched offle@suring system, as if it was already
night. Other parameters, such s, Eff were found to stay all day above 0.7 and 0.6 of
their maximum values, respectively. The analysiopdération during a sunny day shows
a 3 dB drop of voltage for the a-Si_SJ module, h@rethe drop occurred only after sunset
(Fig. 7b). That means that even the operation witty dispersed radiation of very little
value after sunset is sufficient in certain timeiqet, for the correct operation of the module
(i.e. maintaining the nominal voltage). Of course thev@ogenerated then is considerably
lower, because the quantity of energy per moduéésis much lower.

Research results

The research station for testing photovoltaic meslu(Fig. 8) was initiated in
University of Opole in September 1998, initially tivitwvo 30 W, modules made of
monocrystalline silicon (c-Si) [25], marked as mte$u7 and 8€.9.M8_c-Si). The process
of calibration and start-up were carried out ugi01. Other modules were added in the
following periods:

— modules with: mc-Si(M 9), CIS, a-Si_SJ - July 2001
— module with: a-Si_TJ - August 2002

The first measuring channel with the installed MBienodule was used until 2006 to

carry out the analysis of the gain from using thiéofv-up system. The measuring channel
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was used to carry out comparative analyses fontpste selected PV modules, Currently,
since 2012 comparative research has been carriedvitiu the polycrystalline silicon
M7_mc-Si module.

Initially, for each PV module individually, aftelonnecting to the measuring system,
their parameters were measured during operatiooutidoor conditions. The obtained
measurement results, after referring to STC camuhitiwith the use of Blaesser procedures
[30] were used later as the point of referencerfdividual PV modules (Table 1).

Fig. 8. Research station to test PV modules irothdoor conditions [25]

Table 1
Summary of technical parameters of the tested nesduith reference of STC conditions
PV module Sy > PVImoduIes paraLrJneters in STC (iondltlons =
No._absorber m 5 o m i
(No-_ ) W, A V] A @
M7_mc-Si 0.229 24 1.49 21 1.35 10.5
M8_c-Si 0.309 27 1.95 20 1.79 8.72
M9 mc-Si 0.228 20.4 1.47 20.7 1.29 9.02
M10_CIS 0.231 23.9 1.68 22.4 1.45 10.35
M11 a-Si_SJ 0.263 11.15 1.05 21.8 0.78 419
M12_a-Si_TJ 0.522 32 2.36 22.5 1.94 6.6

July 2001 was set as the start of the testing @gedfanodules, except the module with
a-Si_TJ, where the start was set in August 2002.t&ékts have been continuing until today.
The tested PV modules were installed in the plaiforclined at the 38angle on the roof
of a University building at Kominka St. The modulmgserate in extremely adverse thermal
conditions, especially during hot summer monthgy\fietense solar radiation together with
very high ambient temperatures, plus intense irdthradiation from the roof cover (black
asphalt roofing paper) caused fast ageing of tlséede modules (degradation of their
structure). There were several breaks in their atjmer due to repair works on the roof of
the building or temporary failures of the measusggtem.
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A study of PV modules operation characteristics ithe conditions of low solar
radiation intensity

Taking into consideration the above mentioned Isdakoperation of the measuring
system, only the selected data, most completetsealn continuous measurements, have
been used in the studyhe data from the initial period of exploitation ieeusedfor the
presentation of theharacteristics of operation of thin-layer modulkeside of amorphous
silicon (.e. of a-Si_SJ and a-Sl_TJ) (Fig. 9d, e) and CIS (Bm, due to theccurring
phenomenon of absorber degradatidhwas not necessary in the case of other modules
and the current data from 2016 were used. Table&eptPV conversion limit sensitivity
valuestaken from Figure 9, for the fourc temperatures, which most frequently occur
during cool-warm days with low and very low solar radiatiealues That is during cloudy
days, described by the standard [41Md&T, MIMT, LILT, LIMT.
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Fig. 9. The graph of voltagtoc nom in the function of currentsc nom for parametrically variable
temperature of the module - i.e. characteristics of PV modules operations: a) atlyse silicon
¢-Si; b) polycrystalline silicon mc-S; c¢) CIS; dparphous single-joint a-Sl_SJ; e) amorphous
triple-joint a-SI1_TJ
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Table 2
PV conversion limit sensitivity values of a modide various temperaturég - taken from Fig. 9)
PV conversion limit sensitivity for the temperatureTc [°C]
o \(’)r’;’grd(”;‘% ) S (3°0) S (6°C) S (15°C) S (25°0)
) [W/m?] [W/m? [W/m? [W/m?
c-Si (M8) 25.8 27.4 30.9 38.0
mc-Si (M9) 12.5 14.6 18.0 23.0
CIS (M10) 10 12.2 14.5 19.5
a-Si_SJ (M11) 4.5 5.1 6.3 9.5
a-Si_TJ (M12) 1.26 1.62 25 4.71
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Fig. 10. Comparison of conversion efficiency of Pddules with operation characteristics from Figlire
for extremely different days: a) cloudy and waiire, LIMT type, and b) sunny and hate.
HIHT type. The characteristics of amorphous tripletjomodule (a-Si_TJ) is not in the figure,
because such a module was not installed yet in 2001
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The presented in Figure 9 characteristics of difiePV modules operation, together
with Table 2 containing PV conversion limit senst for various modules - may be very

useful in estimating their usefulness to operate in vasiguotential locations.Such

locations offer specific solar light levels andustures,i.e. the share/content of the
dispersed and direct elements in total solar rextiateaching the surface of the planned

installation panel of PV module$his refers not only to an open, illuminated araadlso

operation of modules in shaded places, such adibgdl fagades on other than southern
sides, including walls of buildings, stained glassels in windows, which do not receive
the direct solar radiation for various reasomg, shadows of other buildings, area surface
type, etc. An analysis of the above mentioned gqataves that an ideal solution for
installations in shady areas in extremely unfavblgraonditions i(e. with very low solar
radiation) is to install amorphous silicon singbénf or multi-joint modules. Verification of
this estimate has been confirmed by experimentsahconditions of their operation, which

is presented in Figures 10 and 11.

Application of a two-day model in assessment of PModules degradation scale
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Fig. 12. Changes in the graph of voltadec nom in the function of currentsc nom for parametrically
variable temperature of the moddle- i.e. characteristics of arystalline silicone c-Smodule
operation during 15 years of its exploitation pério
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Fig. 15. Changes in the graph of voltadec nom in the function of currentsc nom for parametrically
variable temperature of the module- i.e. characteristics of aamorphous silicon triple-joint
a-Si_TJmodule operation during 14 years of its explaitafperiod

As noticed above, the method of function analysith the use of the log-lin scale,
with reference to th8oc norm= f(Isc nom) 9raphs, has specific characteristics in the rarige o
low and very low values of solar radiation falling the modules surface. This method does
not have such characteristics and is not useftihénrange of high values. Therefore, the
application of the method in analysis of the chaofeonversion sensitivity of various PV
modules, as the effect of their material-constarctiegradation, will be presented.

Figures 12-16 presents the changes in the papsiofs distribution Uoc norm,!sc norm
for parametrically different variable value of teengture Tc of modules during several
years in extremely difficult conditions of their mmitation. However, for therystalline
silicon module c-Sinodule (Fig. 12) and polycrystalline mc-Si modutég( 13), during the
period of, respectively: 15 and 18 years of operatio drop in PV conversion sensitivity
was detected which is, respectively: 26-38 Wfnand 12.4-23 W/ffor the temperatures
within the range —3-25°C. That means that theseuftesdhow no signs of material
degradation in their absorber after several years of exploitation.

The situation of thin-layer modules is quite diffat. The analysis of Figure 14 of the
CIS module shows a very distinct drop of PV conimrssensitivity, from the value
10-19.5 W/m in 2001, through 13-28.2 W/min 2011, 14.5-30.4 W/fMmin 2014 to
16.4-33.4 W/rhiin 2016, for the same temperature range~3-25°C. In consequence, the
module’s year energy efficiency, calculated acaugdp (24), decreased by approximately
2.25%, i.e. there was decrease of its original value from 9.686 approximately
7.0% (Fig. 17) [44].
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Fig. 16. Changes in the graph of voltadec nom in the function of currentsc nom for parametrically
variable temperature of the modUle- i.e. characteristics of aamorphous silicon single-joint
a-Si_SJmodule operation during 15 years of its explotatperiod
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efficiency of the modules determined according 4o [24)

In the case of an amorphous silicon triple-jointdule (Fig. 15), the ageing changes in
effect of absorber degradation were the least leisibut of the three models. There was
a little decrease of PV conversion sensitivity mifgy the discussed temperatuties,from
1.26-4.71 W/ in 2003, through 1.8-6.6 W/min 2011, 1.9-6.6 W/min 2014 to
2.0-6.6 W/ in 2016, which resulted in decrease of its oribyear energy efficiency from
6 to approximately 4.8%. Whereas, in the case @rmarphous silicon single-joint module,
there was a rapid deterioration of PV conversiomsiizity range, from 4.5-9.5 W/fin
2001, when in 2002 it already was (4.6-13.5) Wfar the same operating temperature of
the modules. It has been quite impossible to reéaddhversion sensitivity at 3 dB drop of
Uoc voltage, since 2009. The lack parts of characteristics in the area lgf component
domination of dark current (recombination componehitthe space charge region). The
inclination of the characteristics from the arealgfcomponent domination (recombination
component of quasi-neutral areas) has been the shmel5 years - the same PV
conversion ability in the range of medium and higlues of solar radiationHowever, the
area marked by the lines of their approximatiorhwiite threshold 0@y do not mark the
PV conversion range on the 3 dB level dropJgt voltage, because no such pairs of points
occur in reality. In effect, the module operatedatre,in the conditions of medium and
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high valuesof radiation intensitypnly with the reduced original year energy efficign
from 4.19to0 3.2% The module, however, does not have the valualarife it possessed
before - the possibility of PV conversion at tHaeriination level close do darkness, even in
the conditions of “moonlight.”

This phenomenon is often unnoticed during explimtatind a user is convinced that
the module operates with the same conversion satsitFigure 18 presents a computer
screen of the PV modules testing system, instatié¢hiversity of Opole. The figure on the
left presents the operating condition of the ted®d modulesafter a hot summer,
on a sunny, autumn day For the solar radiation intensitys§os) falling on modules
surface above 700 W/m all I-U characteristics are the same - almost ideally, thed
readings of the registered values of energy andgehaccumulation by the tested modules
raised no concerns. Only in the case of radiatimp dalue below 240 W/h(see Figure
18b, one can observe ifJ characteristics of the M11- a-Si_SJ module - ditiooity of
the open circuityoc voltage.
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Fig. 18. The monitor screens of the PV modulesngstystem installed in University of Opole aftér 1
years of exploitation, during testing after a haisner on an autumn day: a) warm and sunny,
i.e. 22.11.2016 at 10:09 an®Ggo.= 700.9 W/, Tamp = 11.5°C,Tc = 30.9°C); b) warm and
cloudy, i.e. 21.11.2016 at 2:46 prGoa = 238.4 W/M, Tamp = 15.8°C,Tc = 24.7°C). The
occurrence of discontinuity in M11(a-SI_SJ) modualearacteristic of the open circuiloc
voltage (see Fig. 18b)

The discontinuity ofl-U characteristics, occurring in the area of operudirUoc
voltage (Fig. 19 b, c), is caused by the occurresfceut-off U.,, voltage, which is not
stable. It is very low for large values of radiatifalling on the module and increases with
the decreasing radiatione. with the decreasing quantity of generatgdphotocurrent of
a PV _module. And, for example, the cut-off voltadg, has the value of 0.18 V for
illumination of the moduleGpos = 768 W/n (Fig. 19 a, b), but it achieves 7.97 V at the
drop of illuminationGpoa = 8 W/nf (Fig. 19¢). The occurrence of cut-off voltage, with
the value depending on the illumination level maysy the presence of numerous defects
in amorphous silicon structure. These defects atkedt “non-linear shunts”, which are
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basically due to locally extended defects leadim@ tocal recombination curreh, [10].
This current creates characteristic output voltdyetuations in the area ofJoc
(see Fig. 20).
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Fig. 19. The phenomenon bU discontinuity of the M11(a-SI_SJ) module for diffat radiation levels:
a) high Groa= 769.3 W/, Tc = 45°C) - very low value of cut-off voltagd.,, b) zoom value
of cut-off voltageUe, from the graph with a), and c¢) lovBfoa = 8 W/n?, Tc = 7.7°C) -
occurrence of a large value of the cut-off voltagg
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Fig. 20. The occurrence of output voltage fluctrdi in M11(a-SI_SJ) module when its load is
decreased, during testing: a) on a summer, hotsandy day,.e. 13.07.2016 at 11:04 am
(Groa= 769 WInt, Tc = 45°C); b) after a hot summer, on an autumn - wanmu cloudy day,
i.e.06.10.2016 at 06:31 artfoa= 8 W/n?, Tc=7.7°C)
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Fig. 21. The monitor screens of the PV modulesngstystem installed in Opole University after 15
years of exploitation, during testing on a cold teirdayi.e. 4.01.2017, during illumination,e.
at 12:18 pm Groa= 767 W/nf, Tamp = 2.3°C,Tc = 20.5°C) and b) and cloudye. at 11:03 am
(Groa= 70.9 W/n3, Tamp= 1.9°C,Tc = 4.2°C). The lack of discontinuity in M11(a-SI_Sdpdule
characteristic of the open circliibc voltage (see Fig. 21b)

Figure 20 presents the occurrence of output volthgeuation in a PV module when
its load is decreased, during testing: a) on a semhot and sunny daye. 13.07.2016 at
11:04 am Gpoa= 769 Winf, Tc= 45°C) and b) after a hot summer, on an autumaraw
and cloudy dayi.e. 06.11.2016 at 06:31 arfb§oa= 8 W/nt, Tc = 7.7°C). Reduction of the
module load current, at constant illuminati@poa(i.e. at the constant value of its
photocurrent ;) causes the module’s voltage incredhes activation of more non-linear
shuntsIn the event of a considerable decrease of the doarent, i.e. when the non-linear
shunts currentg, becomes significant versus currérte.g.l < Igy), the influence of non-
linear shunts current becomes visible in the fofmvaitage fluctuation at a PV module
outlet. This phenomenon intensifies during summemn -the conditions of intense
illumination and high operation temperatures of thedule, in consequence with the
increase of concentration of local defects in absigrit gradually disappears during
autumn-winter (see Fig. 21).

Conclusions

It is evident from the obtained results that durihgsign stage of a photovoltaic
system, apart from the knowledge of solar radiaitid@nsity in time, it is also necessary to
have more than catalogue data - parameters of yhita@ modules. It is important to
know the parameters measured not only in STC cdonditi.e. at high intensity of solar
radiation (1000 W/r), but also at low radiation conditions. On theidasf carried out
research a conclusion can be drawn that the adidetandard parameters of a PV module
(measured in STC conditions) not necessarily etheaproper “behaviour” of a module in
the conditions of extremely low intensity of soladiation. This is presented in Figures
7, 10 and 11), which present PV modules conversifficiency, with operation
characteristics from Figures 6 and 9, operatingindudays with extremely different
insolation conditions.
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The cheap and simple method of modules’ charatiterisinalysis presented in the
article allows for providing many basic pieces mfiormation on their operational capacity
in low insolation conditions. It provides the atyilto estimate usability of various modules
to work in specific climate conditions. Special swieration should be given to operation in
higher latitudes climatic conditions, with long jpels of low insolation. Theraphs of
modules’ operation characteristicprepared in line with the method, which differ in
power, current and output voltage - allow to makepge comparisons dheir usability for
dedicated operation condition§.ogether with thePV conversion sensitivity tablé¢hey
provide valuable data for optimum selection andrappate design of PV systems.
Its preparation does not require the use of comfdit measuring equipment. All the
required data is registration tfoc andlsc measurement as well as a module temperature
Tc. It allows to carry out early detection and asses® of the level of degradation
of thin-layer modules in the monitored PV systems.

The authors hope that thebove publication shall contribute to popularizirige
research method as a cheap and effective methagstohating usability of modules to
operate outdoorsThis will allow to intensify research on optimigan of newly created
cells and modules to the conditions reflecting alctclimatic conditions in specified
geographical regions. The research shall make peydwand commercial representatives to
supplement the current data of PV cells/modules whie presented graphs and certain
parameters, such as, for example, PV conversiorsitbdty values for the selected
temperatures d, most frequently occurring in their dedicated acfaperation
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